We develop a model of single spherical cell electroporation and simulate spatial and temporal aspects of the transmembrane potential and pore radii as an effect of any form of applied electric field. The extent of electroporation in response to sinusoidal electric pulses of two different frequencies in a range of extracellular conductivity for two different cell radii are compared. Results show that pore radii tend to be more normalized for AC fields. The relative difference in fractional pore area is reduced by the use of a 1MHz sinusoidal applied electric field over a 100kHz field.
Introduction
Exposure of biological cells to electric fields can lead to a variety of biophysical and biochemical responses [1] [2] [3] [4] [5] [6] [7] . Electroporation (EP-often also referred to as electropermeabilization) is a phenomenon in which applied electric field pulses create transient nanometre-scale pores in a cell membrane, when the transmembrane potential Vm exceeds a semi-critical value creating a state of high permeability [8, 9] .
These pores limit further growth of Vm. The pores are long lived, sometimes surviving in the membrane membrane. As the electric field induced membrane pores reseal, they entrap some of the transported molecules. Experiments on electroinsertion suggest the possibility of using the process to study certain physiological properties of these cells and understanding aspects of the lipid-protein interactions of the cell plasma membrane [36] .
Electroporation is an important technique for transport of macromolecules such as genes, antibodies, and drugs, into a host cell. For effective transport, the pores should have sufficiently large radii, remain open long enough, and should not cause membrane rupture. In applications such as electrofusion and in-vivo electroporation, it is often necessary that cells of different radii be electroporated. Until recently, the development of theoretical models of electroporation lagged behind experimental research. In order to optimize the efficiency of electroporation, it is important to consider as many biological and physical aspects as possible and it is a necessity that a variety of electric field pulse parameters be tried. Thus, a comprehensive model which can predict electropermeabilization as a result of any form of applied electric field pulse and other important electroporation parameters is necessary.
A number of models have been reported in literature. A model [37] is reported which analyses the time course of induced Vm when a cell is exposed to different time varying electric field shapes [37] . This model uses passive complex dielectric material based Laplace Transform equations to describe the transmembrane potential of the model cell. While this model is capable of producing results for arbitrary waveforms, it does not include the dynamic effects of membrane electropermeablization on Vm and pore density, N. Another theoretical model has been developed for single cell electroporation when exposed to a unipolar square shape electric field pulse [9] . This model considers electropermeabilization as a dynamic process and describes the evolution of Vm and N, assuming a set of defined electroporation parameters.
While this model includes the non-linear effects of membrane breakdown, it is not able to accommodate arbitrary pulse waveforms.
Another recent and substantially novel model based on nodal circuit analysis techniques includes both basic non-linear effects of electroporation and can provide results for arbitrary pulse waveforms in both single cell and tissue-like systems [38] . This model was primarily created to investigate the general response of cells to electric fields, so it does not specifically concentrate on the finer temporal or spatial components of electroporation.
Recent reported studies [9, 39] model EP to calculate transmembrane potential (V m ) and the pore density (N). These models consider the non-linear behaviour of EP, which is due to the dynamics of membrane pore formation and its effect on the transmembrane potential in turn. However, these models assume a single non-varying pore radius around the cell membrane. Other models [40, 41] include spatial and temporal aspects of pore radius evolution. The electric fields used in these models were limited to unipolar DC pulses. However, oscillating pulse protocols have been reported to be used in electroporation based applications due to its advantage over DC pulse protocol [42] especially for electroporating cells with nonhomogeneous sizes. Thus the need to develop a model which can consider AC fields.
The study presented here develops a model of single spherical cell electroporation that simulates spatial and temporal aspects of pore radius as an effect of any given form of applied electric field (including unipolar or bipolar), and other important electroporation system parameters.
In particular, we first model a single spherical cell of 15 µm radius, under the application of a 2 µs DC unipolar pulse and two-cycles of a 1 MHz sinusoidal AC (bipolar) pulse. The transmembrane potential and pore radius at various polar angular positions about the cell membrane and as a function of time are presented.
We then consider two cell radii (15 µm and 7.5 µm) and calculate fractional pore area (FPA) to compare the extent of elctropermabilization at varying extracellular conductivities and the effect of higher frequency sinusoidal AC pulses.
The simulation results are used to compare the extent of electroporation in response to sinusoidal AC electric field pulses of two different frequencies in a range of extracellular conductivity for the two cell radii. The results show that the pore radii tend to be more normalized (less widely spread) when an AC field is used when compared to a DC field. It is also observed that a 1 MHz bipolar sinusoidal applied electric field pulse reduces the relative difference in fractional pore area between the two cell sizes compared to a 100 kHz pulse. However, a significantly higher amplitude is required to create the same level of average fractional pore area.
Model of a single cell
Consider a spherical cell of radius a with intracellular conductivity σ in . The cell is immersed in a medium with conductivity σ ex . This system is exposed to a time-varying electric field E(t). Azimuthal symmetry about the axis of the applied electric field is assumed.
Transmembrane potential
It is assumed that the intracellular and extracellular regions are charge free. The homogeneous external electric field of strength E(t) is used as a boundary condition, the potential being fixed at
on a sphere of radius 3a surrounding the cell, where θ is the polar angle. Since there are no free charges inside the region, the potential obeys Laplace's equation
except at the cell membrane at a radial distance of r = a, where the potential is discontinuous because of the abrupt change in conductivity and the approximated infinitely thin membrane. Thus internal and external potentials can be defined as,
The current across the membrane is used to relate the internal and external potentials [9] , that is,
where
Herer is the unit outward radial vector, C m is the specific membrane capacitance, V m is the transmembrane potential and J m is the current density at the cell membrane due to existing pores. This current density is made up of three terms as follows,
is the ionic current density [9] (g m is the specific membrane conductance, and V rest is the membrane rest potential), J sml is the current density through all the small (smaller than 1 nm radius) pores and J lge is the total current density through all the larger pores. These two later terms are explained with relevant equations as follows:
Current density through small pores (J sml ): The model assumes that initially small pores are formed and the current density through these small pores J sml and is given [9] by
where N is the pore density of the initial small pores formed and i sml (r) is the diffusion current through a single pore of radius r (true for small pores less than 1 nm only). A previously derived expression for i sml [9] , based upon the Nernst-Planck equation, is used for pore radius below 1 nm, and is,
with
Here σ ps is the conductivity of the aqueous solution that fills the pore (approximated by
Faraday's constant, R is the universal gas constant, T is the absolute temperature, h is the thickness of the membrane, w 0 is the energy barrier inside the pore, n is the relative entrance length of the pore and v m is the nondimensional transmembrane potential [9] given by
Thus Equation 8 for pore current i sml accounts for the electrical interactions between the ions and the pore wall [9] .
Current density through larger pores (J lge ): Initially formed small pores evolve in size if appropriate conditions exist. Now, assume Q larger pores exist, and i lge is the current through individual electropores larger than 1 nm. Then, J lge is the total current density through Q larger pores; r q being the radius of the q th pore. Hence,
where A is the corresponding cell surface area. For these larger pores, the current-voltage relationship assumes that the transmembrane potential V m occurs across the sum of pore resistance R p and the series input resistance R in [40, 43] , as follows:
and
Formation of pores:
Initially pores are assumed to be formed with the minimum-energy radius r m = 0.76 nm, given by [9] dN dt = ψe (Vm/Vep)
where N is the pore density of the initial small pores formed, ψ is the creation rate coefficient and N eq is the equilibrium pore density for a voltage V m given by
Here, N 0 is the initial pore density with no applied electric field, V ep is the characteristic voltage of electroporation and b is the pore creation constant [44] .
Evolution of pore radii:
The pores that are initially created with minimum-energy radius r m change in size. This change supports minimizing the energy of the entire lipid bilayer [45] . Evolution of the radius of a pore is governed by equations 17-21 [40] . The lipid bilayer energy depends on a number of parameters involving the pore radius, electrostatic interaction between the lipid heads, pore edge energy, membrane tension and the electric force acting on the pore. The lipid bilayer energy w m is given by
The terms in this equation are explained in the following paragraphs.
The lipid head groups which line the pore interior, tend to repel each other due to steric and/or electrostatic interactions [45] [46] [47] and are taken into account by the first term in equation 17, where w st is the steric repulsion energy [44] .
The appearance of a circular pore in a membrane is balanced by the presence of two competing energy terms: reduction in energy barrier proportional to removal of pore area πr q 2 (third term in equation 17) and increase in energy barrier by a linear edge component proportional to pore edge of length 2πr q [48] [49] [50] (second term in equation 17). Here, w ed is the pore edge energy, and ξ eff the effective tension of the membrane is given by
where ξ is the energy per area of the hydrocarbon-water interface [44, 46] , ξ 0 is the tension of a membrane without pores and A is the total area of the lipid bilayer. A varying value of the total area A p occupied by the pores at any given time is given by
and contributes to a dynamic effect of pore formation both temporally and spatially.
The last term in equation 17 is the contribution of the membrane potential to the bilayer energy [44] .
Assuming the inner surface of a pore as toroidal [44, 51] , the electric force F acting on the pore is given by
This equation is a heuristic approximation [44] of the numerical solution which the authors have computed for the electrical force acting on a pore derived from first principles; here, r h and r t are constants taken from reference [44] . This equation is thought to be appropriate for larger pores as it predicts that F approaches a constant value F max as the pore radius increases, rather than increase linearly [50] , or decrease to zero [52] [53] [54] as radius increases.
The rate of change of pore radii is given by [40] 
where D is the diffusion coefficient of the pore radius, k is Boltzman's constant and T is the absolute temperature. All parameter values are as given in Table 1 .
Limitations of the model
The model described in this chapter is capable of simulating transmembrane potential and pore radii formation/evolution when a cell is exposed to any form of electric field, but only for spherical cells. The 3 Numerical Implementation
The model described above is implemented in MATLAB. The following description of model geometry is illustrated in Figure 1 . Azimuthal symmetry about the axis of the applied electric field is assumed.
Extracellular space of thickness 2a is assumed. The intra and extracellular space is discretized using spherical co-ordinates, such that r i = i∆r (i = 1, . . . , 51) and θ j = j∆θ ( j = 0, . . . , 24), thus ∆r = 3a/51 and ∆θ = π/24. Due to azimuthal symmetry, discretization in θ results in 25 circular rings on the surface of the cell. Each circular ring is modelled as a single variable. Initially, each circular ring of the cell membrane is assigned a pore density N 0 , of 'small pores', each of the pores having identical radius r m , the minimum energy radius. Each ring also has a transmembrane voltage V m calculated as given below.
The evolution of pore radii is calculated as follows. N j is the pore density for the j th ring on the cell membrane. In accordance with Equations 17 to 21, the pore radius evolves. An array of radii variables, one element per large pore, keeps track of these larger pore radii. The algorithm computes The time step needs to be much smaller than the reciprocal of the highest frequency used for simulation.
All the results presented here use a time step of 2 ns, which is small enough to provide an accuracy that does not noticeably improve with smaller time steps [55] . Thus error bars are not included in any of the results.
For the calculation of V m , the potential field Φ(r, θ ,t) is modelled in and around the cell as follows to calculate Φ in and Φ ex . The finite difference method is used to solve Laplace's equation in a sphere surrounding the cell to give the electric potential. When discretized on r and θ as described above, Laplace's equation becomes a large set of linear (algebraic) equations relating the values of Φ at the discrete points. The external electric field is used as a boundary condition at r = 3a. Current across the membrane is used as a boundary condition at the cell membrane.
Laplace's equation written in spherical coordinates with the assumption of azimuthal symmetry can be reduced to,
For points on the boundary of this region, at r = 3a, Φ is made equal to the value set by the boundary condition. For interior points not on the membrane, the derivatives are approximated by finite differences of the cell, which gives the system of linear equations,
Substituting the discrete derivatives above into Laplace's equation (equation 2) and simplifying gives,
In order to include the boundary condition involving the current at the cell membrane, the radial derivatives of Φ in and Φ ex must be estimated. Assume α is the index such that r α = a (that is, the radial index that gives the point on the cell membrane, see figure 1 ). Consider ∂ ∂ r Φ in (r, θ j ) which is approximated at r = a − 
respectively. We can estimate ∂ ∂ r Φ in (a, θ j ) by linearly extrapolating from these two points out to the membrane itself, so that
Similarly ∂ ∂ r Φ ex (a, θ ) is computed at the membrane similarly to give, including pore radius evolution to a unipolar electric field step. The induced transmembrane potential at θ = 0 is very close to that reported by [41] , indicating that the pore dynamics had been correctly calculated in the model presented here. [41] has not presented the induced transmembrane potential evolution at other angular positions of the cell and thus cannot be compared.
Induced transmembrane potential and pore radii evolution to a bipolar electric field is not available in literature. The simulation results of this chapter present these.
Simulation Results
Details of temporal and spatial evolution of transmembrane potential and pore radius for bipolar pulses have not been reported in the literature to date. Thus, simulations are carried out for evolution of transmembrane potential and pore radius for two applied electric field pulses (DC and AC) for a single spherical cell. All the simulations are done with a time step of 2 ns, thus resulting in a set of acurately repeatable set of values. Thus error bars have not been required to be included.
Of particular interest is the cell charging time, pore creation time and pore radius evolution time [41] .
Cell charging is the time from first application of external electric field to the formation of the first additional pore on the cell membrane. Pore creation phase is time from the first pore to the time of the last pore formed. The remaining time in the simulation is the pore radius evolution time. In the DC case, the time duration of 2 µs is chosen for the simulation so that the fine temporal features of the relationships between the pore formation, pore radii evolution and transmembrane potential evolution can be seen. As observed in figures 4 and 5 the first pore is formed at position θ 24 (at 0.42 µs) and the last pore for this particular pulse protocol is formed at position θ 6 (at 1.3 µs). This constitutes the pore creation phase (0.42 µs-1.3 µs). The initial period when no pores are formed (0-0.42 µs) is the charging of the cell membrane. Once transmembrane potential reaches a magnitude of about 1 V, pores start to form and expand/evolve. These time ranges for charging and pore creation are specific to parameters chosen in this simulation, and will vary with changes in the parameters.
Evolution of transmembrane potential, formation of pores, and pore radius evolution
In the case when an AC field is applied, as seen in figures 8 and 9, additional pores may form at the subsequent peak of transmembrane potential. This happens if the transmembrane potential at the particular position is beyond the threshold value. This increases the pore creation time as compared with DC pulses.
Frequency dependence of electropermeabilization in a heterogeneous population of cell radii/sizes.
Owing to the variable nature of biological growth dynamics, all electroporation applications treat cells of a range of sizes. Although this range may only be in the order of a few percent, some applications may have ranges exceeding 200 percent [58] . As such, whatever the application, there may be a substantial benefit in being able to normalize the degree of electropermeabilization (considered equivalent to the fractional pore area) with respect to cell radius/size. Earlier passive and dynamic modelling of bipolar electric field induced transmembrane potential has indicated that as the frequency of a constant amplitude applied electric field is increased, transmembrane potential reduces and becomes less dependent on cell radius [39, 59] . In order to achieve a transmembrane potential high enough for EP, the electric field amplitude must be increased at higher frequencies. To determine whether this effect translates to dynamic electroporation modelling that includes pore radii variability, two higher frequency electric field pulses of 100 kHz and 1 MHz were used for electropermeabilization simulation. Two substantially (yet realistically) different cell radii of 15 µm and 7.5 µm were considered.
Figures 10 and 11 show the fractional pore area for 7.5 µm and 15 µm radius cells exposed to a two-cycle sine wave electric field pulse of 100 kHz and 1 MHz respectively. The peak amplitude of the electric field, 
Effect of field strength and frequency on pore dynamics
An important aim of this study was to explore the effects of bipolar pulse protocols and their parameters on electroporation. In general the peak transmembrane potential on the cell membrane increases with increasing unipolar field strength up to a maximum value of around 1.43 V. Transmembrane potential does not significantly exceed this limit because the net amount of electroporation (which is measured by the final fractional pore area) depends sensitively on transmembrane potential. The transmembrane potential increases initially by capacitive charging. New pores in the membrane form and expand/evolve due to electroporation and allow current to flow. This prevents further increase of the transmembrane potential.
Fractional pore area is also found to increase with increasing electric field magnitude. This is because additional pores form until their total area allows sufficient current to flow to stop the increase of transmembrane potential. We also note that the radii of the largest pores are smaller for stronger applied fields. The fractional pore area increases in spite of this because, for strong fields, very many smaller pores (radii in the range 1-5 nm) are formed.
Similar trends are seen with bipolar (AC) pulse protocols at a fixed frequency. However, to produce a given fractional pore area value, higher bipolar field strengths must be used compared with unipolar (DC) field strengths for the same overall pulse duration. More succinctly then, for a fixed electric field amplitude, fractional pore area decreases with increasing frequency, as does the total number of pores. This is to be expected because electroporation can only occur when the field strength exceeds a certain threshold. For bipolar (AC) fields at higher frequencies, the time intervals during which electroporation can occur are clearly shorter.
For unipolar electric field pulses, the pores formed in electroporation have widely distributed radii (around 1-8 nm), with significant contributions to the total fractional pore area from pores with radii in different size-ranges. This is not the case for bipolar fields. For example, at 1 MHz, nearly all of the total fractional pore area is contributed by pores with radii 1-3.4 nm.
It is evident from figures 10 and 11 that, considering 0.015% fractional pore area as the desirable fractional pore area, two-cycles of 1 MHz sinusoidal bipolar electric field reduces the relative difference in fractional pore area between the two cell sizes compared to two-cycles of a 100 kHz bipolar electric field. However, a significantly higher amplitude is required to create the same level of average fractional pore area. Lower values of extracellular conductivity are warranted for better normalization of the degree of electroporation (fractional pore area), as higher values of extracellular conductivity increase the relative difference in fractional pore area for cells of different radii/size. Since typical in vivo applications have an extracellular conductivity equal to the physiological conductivity in the region of 1.2 S/m [37] , it is unlikely that normalization of the degree of electroporation can be achieved in these applications through utilization of higher frequency AC pulses. Typically, at higher extracellular conductivity, the required magnitude of electric field also reduces.
Conclusion
The model is capable of simulating transmembrane potential and pore radii formation/evolution when a cell is exposed to any form of electric field. The results show that the pore radii tend to be more normalized when a bipolar sinusoidal AC field pulse is used as compared to a DC field pulse of the same duration. As a result, larger pore radii formation is more likely when a DC unipolar field pulse is used. The results also
show that better normalization of the degree of electroporation, measured as fractional pore area FPA, especially at lower values of extracellular conductivity, can be achieved with use of higher frequency (1 MHz) bipolar electric field as compared to 100 kHz . Thus, choice of the electric field parameters (magnitude and frequency) and the extracellular conductivity for optimum electropermeabilization is a trade off between parameters like the desired pore radii values, and normalization of fractional pore area between the required cell radii/size.
The results of modelling study in this paper, especially use of ac electric field remain to be experimentally investigated. However, while this paper was through reviewing process, a recent publication [62] demonstrates experimental results of electroporation using ac electric fields. Their study confirms that efficient electroporation may be achieved using ac fields. This could be very well related to the simulation result presented in section 4.2. Analysis and measurements need high resolution both temporally and spatially. Use of pulsed laser fluorescence microscope with a sub microsecond imaging capability has been used by [60, 63] , although for DC electric fields. This method would be useful to observe transmembrane potential formation with ac pulses as simulated in this paper. Pore size information can be inferred from selective molecular transport across electroporated cell membrane as done by [61] for dc pulses. Through use of fluorescence measurement using flow cytometry [62] , level of molecular uptake by electroporated Tables Table 1 -Geometric, electrical and electroporation parameters used in simulation for evolution of pore radii. 
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Extracellular conductivity σ ex (S/m) Figure 11 : Fractional pore area versus extracellular conductivity for 7.5 µm, and 15 µm cell radius exposed to a two-cycle sinusoidal bipolar applied electric field pulse of 350 kV/m peak magnitude at 1 MHz
